Abstract. The continuous production of mammalian sperm is maintained by the proliferation and differentiation of spermatogonial stem cells, which originate from primordial germ cells in the early embryo. Previously, we reported that the transplantation of fetal male gonadal tissue into the recipient testis was effective obtaining functional sperm. This transplantation technique is a promising new approach for the preservation of testicular function in a mutant animal with embryonic lethality. In the present study, we examined whether spermatogenesis from fetal male germ cells is induced under ectopic conditions in male and female recipients. Nine to 10 weeks after the transplantation of male gonads prepared from embryos at 12.5 or 16.5 days post gestation, male germ cell differentiation occurred under the skin of male and female recipient nude mice. Histological analyses revealed that grafted gonads contained haploid germ cells such as round or elongated spermatids. Furthermore, we succeeded in obtaining normal progeny by injecting the ectopically produced round spermatids into the cytoplasm of oocytes, even when the male germ cells had been generated in female recipients. These results indicate that the transplantation of fetal male gonads under the skin of recipient mice is a useful technique for obtaining functional male gametes. Key words: Sperm, Spermatogenesis, Spermatogonia, PGCs, ROSI (J. Reprod. Dev. 50: [429][430][431][432][433][434][435][436][437] 2004) u r i n g m a m m a l i a n s p e r m a t o g e n e s i s , spermatogonia proliferate and some undergo meiosis to give rise to haploid spermatids, which a r e t h e n r e m o d e l e d i n t o s p e r m a t o z o a .
u r i n g m a m m a l i a n s p e r m a t o g e n e s i s , spermatogonia proliferate and some undergo meiosis to give rise to haploid spermatids, which a r e t h e n r e m o d e l e d i n t o s p e r m a t o z o a . Spermatogonial stem cells are responsible for maintaining spermatogenesis in males throughout life by proliferation and differentiation; these characteristics rely on the ability to self-renew and to produce daughter cells that differentiate into sperm [1, 2] . The spermatogonial stem cells originate from primordial germ cells (PGCs), which are first identified as alkaline phosphatase-positive cells within the extra-embryonic mesoderm at 7.2 days post coitum (dpc) in the mouse [3] . PGCs proliferate and migrate to the genital ridges, where they become enclosed in the seminiferous cords by 11 dpc. During this period, the PGCs proliferate so rapidly that the initial founder population of about 40 PGCs gives rise to about 25,000 germ cells by the time proliferation ceases at 13.5 dpc [3] . By 13.5 dpc, the germ cells are also undertaking sexually dimorphic patterns of development. Male germ cells enter a mitotic arrest that will be maintained until after birth, whereas female germ cells directly enter meiotic prophase. Thus, male germ cells follow several complex steps during development and after birth.
A t e c h n i q u e f o r t h e t r a n s p l a n t a t i o n o f spermatogonial stem cells into mouse testis has been developed by injecting donor germ cells into the seminiferous tubules of recipient mice [4, 5] . In this system, the transplanted spermatogonial stem Accepted for publication: March 31, 2004 Correspondence: H. Ohta (e-mail: ohta@cdb.riken.go.jp) cells undergo normal spermatogenesis, and the recipients are capable of transmitting the donor h a p l o t y p e t o p r o g e n y .
A l t h o u g h t h e transplantation of spermatogonial stem cells into seminiferous tubules has become a powerful method not only in basic research but also in agricultural and medical fields [2, 6, 7] , its technical limitations have also been reported recently. For e x a m p l e , c r o s s -s p e c ie s t r a n s p la n t a t i o n o f spermatogonial stem cells from donor rats or hamsters resulted in spermatogenesis in the mouse testis [8, 9] ; however, transplantation of germ cells from phylogenetically more distant species including rabbit, dog, pig, bull, horse, and primate into mouse testis did not result in spermatogenesis beyond the stage of spermatogonial proliferation [10] [11] [12] . Our previous report also indicated that the transplantation of fetal male germ cells into recipient seminiferous tubules was not effective in producing functional sperm in the recipient testes [13] , although infant or adult spermatogonia could initiate complete spermatogenesis in this system [4, 5, 14, 15] .
Recently, a new method of generating male gametes using artificial techniques has been developed, by grafting testicular tissue under the skin [16] or into the testis [17] . Grafting testis tissue from neonatal mouse, pig, goat, hamster, and marmoset into mouse hosts revealed that the testis graft maintained spermatogenesis [16] [17] [18] [19] . In addition, we previously demonstrated that grafting fetal male gonadal tissue into the testis is an effective way to obtain functional male gametes [13] . Thus, testicular tissue transplantation provides a new approach toward achieving the maturation of mammalian male germ cells.
In the present study, we tried to obtain progeny using male gametes that we re ectopically differentiated from fetal male germ cells. For this purpose, we transplanted fetal male gonads under the dorsal skin of male and female mice and assessed whether spermatogenesis was induced within the fetal male gonads under these ectopic conditions.
Materials and Methods

Mice
All of the mice used in this study were purchased from Shizuoka Laboratory Animal Center, Hamamatsu, Japan. All of the animal experiments conformed to the Guide for Care and Use of Laboratory Animals and were approved by the Institutional Committee of Laboratory Animal Experimentation (RIKEN Kobe Institute).
Transplantation of the fetal male gonad under the dorsal skin of a recipient mouse M a l e g o n a d s a t 1 2 . 5 o r 1 6 . 5 d p c w e r e transplanted under the dorsal skin of male and female nude mice. Briefly, to obtain B6C3F1 (C57BL/6 × C3H/He) or C57BL/6 embryos, female C57BL/6 mice that had mated with C3H/He or C57BL/6 mice were sacrificed by cervical dislocation at 12.5 or 16.5 days of gestation. Male gonads were dissected from the embryos and placed in PBS. Male embryonic gonads at 12.5 dpc or older can easily be distinguished from female gonads by morphological differences. The male gonads were dissected from mesonephros, cut in half with fine scissors, and maintained on ice until transplantation.
The transplantation of fetal male gonads under the dorsal skin of recipient mice was performed as described previously [16] . Briefly, 4-week-old male and female BALB/c nude mice were anesthetized and received eight transverse linear incisions (about 0.5 cm in length) in the dorsal skin. Donor male gonadal tissues were carefully inserted under the skin at the incisions, and the skin was sutured after the transplantation. To produce neutered recipients, the testes or ovaries were removed s u r g i c a l l y f r o m t h e m i c e j u s t a f t e r t h e transplantation.
Histological analysis
Transplanted gonads were dissected from the dorsal skin of recipient mice and fixed with 4% paraformaldehyde at 4 C overnight. After washing with PBS for 4 h, the gonads were placed in acetone for 1 h and embedded in glycol methacrylate (Technovit 8100; Kulzer, Wehrheim, Germany). Histological 5-µm-thick serial cross sections were c u t a t 5 0 -µ m i n t e r v a l s a n d s t a i n e d w i t h hematoxylin. The gonad was evaluated and classified into one of four categories: 'no differ.', no differentiated germ cells in the gonad; 'cyte', a gonad containing differentiated germ cells up to spermatocytes from spermatogonia; 'round-tid', a gonad containing differentiated germ cells up to round spermatids from spermatogonia; and 'elongate-tid', a gonad containing differentiated germ cells up to elongated spermatids from spermatogonia. Serial cross sections representing more than half of the volume of each gonad were observed for the evaluation.
Round spermatid injection into oocytes (ROSI)
Mature oocytes were collected from 8-to 12-week-old CDF1 hybrid (BALB/c × DBA/2) mice. B r i e f l y , C D F 1 f e m a l e s w e r e i n d u c e d t o superovulate by the intraperitoneal injection of 5 IU pregnant mare serum gonadotropin (Teikokuzoki Co., Tokyo, Japan) followed 48 h later by the injection of 5 IU hCG (Teikokuzoki Co., Tokyo, Japan). Mature oocytes were collected from the ampullary region of the oviducts 13 h after the hCG injection. Oocytes were freed from cumulus cells b y t r e a t m e n t w i t h 0 . 1 % b o v i n e t e s t i c u l a r hyaluronidase (Sigma, St. Louis, MO) in Hepes-CZB medium. Oocytes were rinsed and kept in fresh CZB medium at 37 C under 5% CO 2 until injection.
Haploid germ cells were collected from the transplanted gonads at 9-10 weeks after gonadal tissue transplantation. Briefly, the donor gonadal tissue was dissected from the skin of the recipient mouse with fine forceps and scissors. The tissue was minced with fine scissors, suspended in PBS and maintained on ice. About 2 µl of the cell suspension was mixed with a drop of Hepes-CZB m e d i u m c o n t a i n i n g 1 2 % ( w / v ) polyvinylpyrrolidone (PVP; Mr 360,000; Wako Pure Chemical Industries, Tokyo, Japan). The donor cell suspension was replaced with ice-stored cells every hour during the ROSI experiment. The injection of the round spermatids into oocytes was performed as described previously with minor modifications [20] . Briefly, a single round spermatid was sucked into an injection pipette, and the plasma membrane of the round spermatid was broken by pipetting. The oolemma was broken by applying one or two Piezo pulses, the nucleus of the round spermatid was expelled into the ooplasm, and the pipette was gently withdrawn. To activate the oocytes, the injected oocytes were transferred into Ca 2+ -free CZB medium containing 10 mM SrCl 2 within 10-15 min after the injection and cultured for 45-60 min at 37 C under 5% CO 2 . Oocytes were then washed several times by placing them in fresh CZB medium, before being cultured in CZB medium at 37 C under 5% CO 2 to allow development. The two-cell embryos obtained were transferred into the oviducts of 0.5-dpc pseudopregnant CD-1 females.
Results
To assess whether functional spermatogenesis was induced in fetal male gonad under the ectopic condition, we transplanted fetal male gonads from embryos aged 12.5 or 16.5 dpc (Fig. 1A) under the dorsal skin of recipient mice. In mice, almost all PGCs have migrated into the seminiferous cord by 12.5 dpc (Fig. 1B) , and spermatogenesis is complete by 35 days after birth (Fig. 1C) .
Transplantation of 16.5 dpc fetal male gonads
Donor 16.5-dpc male gonads (Fig. 1A) were transplanted under the dorsal skin of male and female mice. Nine weeks after transplantation, the transplanted gonads were easily identified under the dorsal skin of the recipient mouse ( Fig. 2A) , and the tissues with cord structures were recovered f r o m t h e t r a n s p l a n t a t i o n s i t e s ( F i g . 2 B ) . Histological analyses of the transplanted gonads showed that male germ cell differentiation occurred in the grafted tissue of both male and female recipients (Fig. 2C-F , Table 1 ). Although neutered male and female mice were used as recipients to avoid host hormonal effects, such treatment appeared to be unnecessary for the induction of spermatogenesis, as a similar level of differentiation was observed in unneutered recipients (Table 1) . More than 50% of the transplanted gonads were recovered from the recipients, and germ cell differentiation was found in the seminiferous tubules (Table 1) . Thus, transplantation of fetal male gonads under the dorsal skin of recipient mice can induce germ cell differentiation from fetal male germ cells. Next, we tried to obtain progeny from the 16.5-dpc male germ cells that ectopically differentiated in male and female mice. Haploid germ cells were p r e p a r e d f r o m g o n a d s 9 w e e k s a f t e r transplantation into the dorsal skin of a male mouse, and the round spermatids were injected into oocytes. In total, 59 two-cell embryos were obtained and transferred into the oviducts of three pseudopregnant females. After the embryos had been transferred, a total of 14 pups were born (Table 3) . Using the same procedure, we also succeeded in obtaining offspring using the round spermatids recovered from the 16.5-dpc gonad transplanted into a female recipient (1 live pup from 31 two-cell stage embryos transferred; Table  3 ). These results demonstrate that functional male gametes were ectopically produced from 16.5-dpc germ cells in male and female recipients.
Transplantation of 12.5-dpc fetal male gonads
To further examine the utility of fetal male gonadal transplantation, we transplanted 12.5-dpc male gonads with a C57BL/6 genetic background according to the same procedure as used earlier for 16.5-dpc donor gonads. After the transplantation, we found round spermatids in the transplanted gonads, but the ROSI experiment failed to produce offspring (Tables 2, 3 ). We could not find any o b v i o u s r e a s o n s f o r t h e f a i l u r e a s t h e morphological appearance and the haploid germ cell numbers were similar to those of the earlier experiments with 16.5-dpc donors. It is generally known that the spermatogenesis of inbred strains is weaker than that of hybrid strains; therefore, we changed the donor genetic background from C57BL/6 to B6C3F1, as the primary purpose of this study was to obtain progeny using haploid germ cells from ectopically transplanted fetal male gonads. Ten weeks after the transplantation, male germ cell differentiation was observed in the gonads transplanted into males and females (Table 2) , and haploid round spermatids were found in some seminiferous tubules (Fig. 3AB) . A total of 47 twocell embryos were obtained by injecting round spermatids, which had differentiated in a neutered female, into oocytes; the embryos were transferred to the oviducts of three pseudopregnant females. Subsequently, 4 live pups (two males and two females) were born (Table 3 , Fig. 3C ). Normal fertility of the progeny was confirmed by mating them with each other (Fig. 3C) . These results indicate that induction of functional male gametogenesis from 12.5-dpc male gonads occurred under ectopic conditions. 
Discussion
Male germ cells undergo several complex processes during embryonic development: proliferation and migration to the genital ridges from 7.2 to 11 dpc, a quiescent state in the embryonic gonad from 15.5 to 18.5 dpc, and the initiation of spermatogenesis shortly after birth [3] .
In this study, we demonstrated that male germ cell differentiation from a 12.5-dpc gonad was induced under the skin of male and female mice by grafting male gonadal tissue. Furthermore, we succeeded in obtaining normal offspring from the round spermatids that were ectopically produced in male and female mice. Thus, the ectopic grafting of fetal male gonadal tissue was demonstrated to be a p o s s i b l e m e t h o d o f i n d u c i n g f u n c t i o n a l gametogenesis from fetal male germ cells, and this technique may become a new tool for male germ cell preservation, especially in the case of mutant animals with embryonic lethality.
Recently, xenogeneic or neonatal testicular tissue that was transplanted under the skin or testicular capsule of mice produced terminally differentiated male gametes [16] [17] [18] [19] . Furthermore, it was reported that cryopreserved gonadal tissue maintained its ability to initiate spermatogenesis after transplantation [17] . Thus, in some cases, testicular tissue grafting is a more effective way of obtaining male gametes than the previous approach of transplanting germ cells into recipient seminiferous tubules; the induction of male germ cell differentiation from fetal or xenogeneic germ cells is not effective with the latter technique [10] [11] [12] [13] , whereas it is possible with the former procedure [13, [16] [17] [18] [19] . In future studies, it will be interesting to determine whether haploid genesis from xenogeneic or cryopreserved fetal male gonads is induced by transplanting the tissue under the skin of recipient mice.
Normal progeny were obtained from fetal male gonads that ectopically differentiated in male and female mice, demonstrating that functional haploid germ cells clearly existed in the transplanted gonads. However, the birthrate in our ROSI experiments was much lower than that previously reported using normal round spermatids from wild-type testes [20] . The low birthrate in our study was probably caused by the low number of haploid germ cells such as round or elongated spermatids recovered from the ectopically transplanted fetal male gonad. The content of haploid germ cells in the transplanted gonads was usually lower than in normal testis (data not shown). Therefore, it is possible that other cells, such as spermatogonia, which are similar in size to round spermatids, were injected into oocytes and caused the low birthrate. According to a recent study, in vitro development of oocytes injected with diploid cells was indistinguishable from that of oocytes injected with round spermatids [21] . Furthermore, the birthrate in the female recipients was lower than that of male recipients (Table 3) . Although we do not have an obvious explanation for the low birthrate in female recipients, there may be unknown effects in the female host that need to be investigated in the future.
Although we succeeded in obtaining progeny from ectopically differentiated male germ cells, technical improvements are necessary. First, increasing the recovery rate of the grafted gonad is important for improving this technique. In this study, 120 fetal gonadal tissues were transplanted into recipient mice and 80 gonads were recovered; however, forty grafted gonads were not found in the recipient mice after the transplantation (Tables  1, 2 ). The recovery rate might have been affected by damage, during donor preparation, to the donor gonads used for transplantation. Improved donor preparation to reduce mechanical damage may increase the recovery rate of grafted gonads. Second, increasing the extent of spermiogenesis in the transplanted fetal male gonad is a major challenge for improving this technique. We previously transplanted fetal male gonads at 12.5 dpc into the testis of recipient mice [13] . In that experiment, we found elongated spermatids in the grafted gonads and successfully obtained progeny by intracytoplasmic sperm injection (ICSI) using the sperm. On the other hand, in the gonads grafted under the skin, we found few elongated spermatids but many round spermatids (Tables 1,  2 ). This observation suggests that the subcutaneous e n v i r o n m e n t d o e s n o t s u f f i c i e n t l y i n d u c e spermiogenesis in transplanted fetal male gonads, although functional round spermatids can be produced. Recent studies have indicated that intratesticular testosterone level is high when spermatogenesis is impaired by irradiation, drugs, or genetic mutations in the testes [for review see, 22] . Spermatogenesis was restored in these sterile testes by a significant decrease in the intratesticular androgen level [23] [24] [25] . It was reported that, in mice transplanted with male gonadal tissue under the skin, the serum testosterone level recovered after transplantation [19] , indicating that testicular somatic cells function to produce androgen under ectopic conditions. These findings suggest that if the androgen level of the transplanted gonad is as high as that of the sterile testes, decreasing the intratesticular androgen level may improve germ cell differentiation in the transplanted fetal gonad.
